LED lighting combined with solar panels in developing countries by Amogpai, Ater
9HSTFMG*aedeej+ 
ISBN 978-952-60-4345-6 (pdf) 
ISBN 978-952-60-4344-9 
ISSN-L 1799-4934 
ISSN 1799-4942 (pdf) 
ISSN 1799-4934 
 
Aalto University 
School of Electrical Engineering 
Department of Electronics, Lighting Unit 
www.aalto.fi 
BUSINESS + 
ECONOMY 
 
ART + 
DESIGN + 
ARCHITECTURE 
 
SCIENCE + 
TECHNOLOGY 
 
CROSSOVER 
 
DOCTORAL 
DISSERTATIONS 
A
alto-D
D
 110/2011 
About 1.4-1.5 billion people in the world are 
without access to electricity, most of them 
living in developing countries. The work 
presented in this Thesis discusses the 
beneﬁts and costs of replacing diesel 
generators with solar photovoltaic systems 
in electricity generation. Electricity enables 
the replacement of kerosene lamps, diesel 
lamps, ﬁrewood, and agricultural residues 
with more efﬁcient light sources like 
compact ﬂuorescent lamps and LEDs for 
lighting in developing countries. 
Measurements of solar photovoltaic 
systems combined with LEDs and 
ﬂuorescent lamps were conducted in an 
ofﬁce building in Finland. In addition, 
measurements were conducted in a one-
room house in Sudan using LEDs, compact 
ﬂuorescent and incandescent lamps for 
lighting. The results indicate that there is 
high potential for energy savings in using 
solar panels combined with LEDs and other 
efﬁcient light sources in developing 
countries. 
A
ter A
m
ogp
ai 
L
E
D
 ligh
tin
g com
bin
ed w
ith
 solar p
an
els in
 develop
in
g cou
n
tries 
A
alto
 U
niversity 
Department of Electronics, Lighting Unit 
LED lighting 
combined with solar 
panels in developing 
countries 
Ater Amogpai 
DOCTORAL 
DISSERTATIONS 

Aalto University publication series 
DOCTORAL DISSERTATIONS 110/2011 
LED lighting combined with solar 
panels in developing countries 
Ater Amogpai 
Doctoral dissertation for the degree of Doctor of Science in 
Technology to be presented with due permission of the School of 
Electrical Engineering for public examination and debate in 
Auditorium S1 at the Aalto University School of Electrical 
Engineering (Espoo, Finland) on the 25th of November 2011 at 
12:00. 
Aalto University 
School of Electrical Engineering 
Department of Electronics 
Lighting Unit 
Supervisor 
Professor Liisa Halonen 
 
Instructor 
D.Sc (Tech.) Eino Tetri 
 
Preliminary examiners 
Professor G.J.de Bruin-Hordijk, Technical University of Delft, Netherlands 
Professor Nils Svendenius, University of Jönköping, Sweden 
 
Opponent 
Professor Grega Bizjak, University of Ljubljana, Slovenia 
Aalto University publication series 
DOCTORAL DISSERTATIONS 110/2011 
 
© Ater Amogpai 
 
ISBN 978-952-60-4345-6 (pdf) 
ISBN 978-952-60-4344-9 (printed) 
ISSN-L 1799-4934 
ISSN 1799-4942 (pdf) 
ISSN 1799-4934 (printed) 
 
Unigrafia Oy 
Helsinki 2011 
 
Finland 
 
The dissertation can be read at http://lib.tkk.fi/Diss/ 
Abstract 
Aalto University, P.O. Box 11000, FI-00076 Aalto  www.aalto.fi 
Author 
Ater Amogpai 
Name of the doctoral dissertation 
LED lighting combined with solar panels in developing countries 
Publisher School of Electrical Engineeing 
Unit Department of Electronics 
Series Aalto University publication series DOCTORAL DISSERTATIONS 110/2011 
Field of research Illumination Engineering 
Manuscript submitted 22 June 2011 Manuscript revised 29 September 2011 
Date of the defence 25 November 2011 Language English 
Monograph Article dissertation (summary + original articles) 
Abstract 
The aim of the work was to ﬁnd out the functionality of LED lighting combined with solar 
panels in developing countries and to ﬁnd out the availability of solar energy in different 
geographical locations. Another aim of the work was to understand the advantages and 
disadvantages of photovoltaic systems and the optimum combination of PV systems for 
lighting. 
Measurements of photovoltaic systems combined with LEDs and ﬂuorescent lighting were 
conducted in an ofﬁce building in Finland. Measurements in a one-room house in Sudan using 
LEDs and ﬂuorescent and incandescent lamps were also conducted. The costs analysis 
comparing photovoltaics and diesel generators in Sudan are discussed. The results showed 
that in Finnish conditions photovoltaic systems may be combined with AC power sources and 
DC rectiﬁers. However, in Sudanese conditions, where solar radiation is available all the year 
round, photovoltaic systems can be used without inverters. LED lighting combined with solar 
panels was found to be suitable for lighting in developing countries. Photovoltaic systems have 
shown high potential for electricity generation in Sudan. 
 
Keywords Lighting, LEDs, solar panels, developing countries 
ISBN (printed) 978-952-60-4344-9 ISBN (pdf) 978-952-60-4345-6 
ISSN-L 1799-4934 ISSN (printed) 1799-4934 ISSN (pdf) 1799-4942 
Location of publisher Espoo Location of printing Helsinki Year 2011 
Pages 103 The dissertation can be read at http://lib.tkk.ﬁ/Diss/ 

  
Preface 
 
 
 	
  		        	 
	  	   	 	   	

    	   ! " !   
##$"	% 	%#
 		 	    	 &	 ' 
	(&') 
'				*	 !		
			
 '

	 
						
 
'	  
		 *# +''',
+'-, . - &  () 	  	   
# 
&
&

!/	 ()	 
&	%

*

	 *	0					
	
 
1 ' 
 2		
  	 
#		  	   3 	 	  	   
1 


	
4566










 
List of publications 
'   !   	     7$   	
	       	8
	


- 69$ 6 :;65455< 

''   	 !7$
 	 ;    
   
	
 
 

 '# 	
 455<   4=>;
4?4 

'''  . -& *

 !7	
#    ; @  	 18 

    
 
  ! 

"#$%

14565 A56;A66 

'- .  -    &  *

    !
7* 	 #   B  
#  18 &


 $'(  ' 	



)&*$	**	*+- 4$ 6 >4;><4565 

-    7*#    	  #
	 	  8 &

 &
!

	


- 6=$ 64566 


 
			
		
# !	#	#+',+'',+''',+-,
   	   	
 		  +'-,  		 
	& .- 


 
 
 
 
 
 
 
 
 
 
 
  
List of abbreviations 
@    			
*@    		*	@	
@1    @	
@C    @	#2
@C4    @	#2
@    			
D*    D	*	%
1    1	
'    '		
'1@    '	1@		
'    '
'E$   '	
    	
    ;
D@    D	@	
F   F	
&C1   &;2;	

$ $	
	
$EC    $;		
$C2    $	2
C   C
C*-    C	
*G    *H	"G
*-    *
*F&    *
C@    ;;	
C2    	2
D'    '	D	'
IE    I		

 
List of symbols 
 req    			J	(4)
1 			J	(4)1#
	
 			J	(4)

0#
   0	#
()
@   (K)
   		(
FL4L)
   	(2)
   	(2)
	   		(
FL)
'   '(K)
   '		(M)
 $#		(	*-
)
D 	1$
(	

)
D 	$
(	

)
ED   				
F   *
	(F)
N   	

 
 
 
 
  
Contents 
Preface..................................................................................................................... 1 
List of publications................................................................................................. 2 
List of abbreviations............................................................................................... 3 
List of symbols ....................................................................................................... 4 
Contents .................................................................................................................. 5 
1 Introduction .................................................................................................... 6 
1.1 Background ............................................................................................. 6 
1.2  Objectives of the work ............................................................................. 7 
1.3 Research methods .................................................................................. 7 
2 State of the art of power supply and lighting in developing countries .... 9 
2.1 Electricity and photovoltaic (PV) systems in developing countries ......... 9 
2.2  Lighting in developing countries............................................................ 12 
2.3  LEDs combined with solar panels - Case studies from India, Ghana, and 
Nepal ..................................................................................................... 13 
2.3.1 India .................................................................................................. 13 
2.3.2     Ghana ............................................................................................... 14 
2.3.3 Nepal................................................................................................. 14 
2.4 Conclusions........................................................................................... 15 
3 Photovoltaic DC lighting systems.............................................................. 16 
3.1  Electric lighting and the use of photovoltaics in office buildings ........... 16 
3.2 Office case study on photovoltaic DC lighting....................................... 17 
3.3 Solar energy and solar panel area ........................................................ 20 
3.4 Conclusions........................................................................................... 23 
4 Electricity and lighting in Sudan ................................................................ 25 
4.1 Electricity generation in Sudan.............................................................. 25 
4.2 Renewable energy sources in Sudan ................................................... 26 
4.3  Lighting in Sudan................................................................................... 26 
4.3.1  Lighting in urban areas ..................................................................... 26 
4.3.2     Lighting in rural areas ....................................................................... 27 
4.4 Case study in Soba Arradi area ............................................................ 27 
4.4.1  Lighting measurements..................................................................... 27 
4.4.2     Results .............................................................................................. 28 
4.4.3 Replacement of diesel generators by PV systems ........................... 31 
4.4.4 Electricity and lighting costs.............................................................. 33 
4.4.5 Cost analysis of the PV system ........................................................ 34 
4.5 Conclusions........................................................................................... 36 
5 Discussion and conclusions ...................................................................... 37 
References ............................................................................................................ 38 
 
 
1 Introduction 
 
1.1 Background 
 '	 	  (')   4565  6 ? #
(45M	)		
+6,  1	  ?4M    		 (4566)   
	=6M#;		
    	  '  	   	 
		#	 1		
   	  #;	 	     
 	O 	 :5M  	# 	   6?M  		
	+6, 
*		  	 ;	 	 	    
	 +4,  !	  	  	 		 	  	
#			
  	   2   	 	 
			# 
   	  #  %	 	  
	  	    	   
#+4, 
*   			 	 	

	  	  +=,  G	    	  
	?65	<55:5(F)
  (') +=, +?,  @	# 2 (@C) 	 2
(C2)	2($C2)	#2(@C
4
)	#
	  
	     	 	   
 	 			 	# +?, 		 	  
	
#	#	;
  () +>, +:,    # 	
			#6 ?
#    	   	 +9, +A, +<, +65, +66, 
@		 (4566) 	 	   	%   	
#	+65,+66, 	%		
#		;		($EC)+65,+66, 
  	  	  	 	 #  
  F	 (F)   4555 +65,   	 
	  # 	  	  $   4555  F
        	 <55555
  
	  	  >5  	 +65,  @		 (4566) 
F	%E	*
$ E # ' *
 $ 	 
  @
D	&2*	D#*
+65, 
	()%'	1@		('1@)
F	0
								
#;	 	 +66,  '    	   	 	 #
>A>    #;	 	  @		 (4566)  
D	@	(D@)  ;#;	 	 	
#;	 	 +64,    	    	
			#		 	#	
#
		#	#;		 
'   	     	  #   	
J##;			+64, 	
		GE		(4566)2
	B
&+66, 
 
1.2  Objectives of the work 
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2 State of the art of power supply and lighting in 
developing countries 
 
2.1 Electricity and photovoltaic (PV) systems in developing 
countries 
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2.3  LEDs combined with solar panels - Case studies from 
India, Ghana, and Nepal 
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3 Photovoltaic DC lighting systems 
 
3.1  Electric lighting and the use of photovoltaics in office 
buildings 
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3.2 Office case study on photovoltaic DC lighting 
     # 	   #  
	  	  	   	
	 @	 #
 #;	*-		  	
 	        		 	
 	
1 ;	*-#	2
	  	 	 	  		  	 	
			 '#
##		

#B	;	#+*#''', 
    	 655 F (
 	) 	   465
L4?-#		6=F	#	
					 
  	 	 	 	 $  $D655E4? 
	4 6:42	
  =55 F      4? -     	
	?AP+*#''', 


&	=2$$D655E4? 

 

&	$6=55< 


 	 	  = 2 4A F >      
	  	   	   	   
#	 	    	
 	   	 
#   	 	 	  	  
	  6 2 4A F > 	    =555 G 	
		  '   	 	 	 	  
	 	662=F(@B@;654;
@=$;0)   :  		 (' D@;4?;5 =>)   	
		>4>5G +*#''',


	O	(	)	(	) 

'42?24 >(1	
:) 	
		#	
 	 	        	
 	   
				#	 
	  	    	 	  1	 9  1	 
		?452		
	
 =99 2 	   	    	 
  
L	  ( min L m ) 	 	  
5 A 	  	9 :FL 2  	
	  1	     	  	 
	
 	  996 2    :99 2 	   	  
		5 9> 	
  < > FL 2 	   2     
     	    	 	
#=9 >M(=<F)>5M(4<F):4 >M(44F) 1	
9? F   	      J  ? <
FL 2  = : FL 2   4 9 FL 2  	 +*# ''',  
E	 D (ED) 4? 6 	   	  45 ? 	
				ED6<
	 	   +>>,  ED  	  $
 A?55
			
    	
	  ED 	  	 
1	9		45651 



	+*#''', 
	
				
	+*#''', 
 
3.3 Solar energy and solar panel area 
			
    	       	   
 			
 	 	    2   #  	 	
				J				
     	G	   (6> >P$ =4 >P)
1(:5 66P$4? ?<P)+*#'-, 
 	  2   	 	   
 (C )  	 	  +>:,   C   	
1   	  	   	   $
#+>9,  		(C)	
	 1	A#  2 	1?>P6>P
	  	   	  	 	 	 #
	 	
1	< 		(#6)
# 4M 	      (1	 A) 
	2(1	<) 


			1(:5 6P$4? >P)(6> >P$=4 >P)
(C)+#'-, 

  

			1(:5 6P$4? >P)(6> >P$=4 >P)
2+*#'-, 

				#2
1(
FL4L)+>9, 
1 
&
?> C 6> C
.	 5 9< 5 < : 6> : 9<
1#		 4 5= 4 69 : :: : <4
&	 = >= = >9 9 5? 9 5>
	 ? :< ? 96 9 5? 9 69
& > ?? > 9 : A6 : A>
. > 49 > 9? 9 6= 9 6=
. > 4 > >> : >= : >>
 ? ? ? > : 6 : =6
#	 = == = =? : =< : ?
C#	 6 A< 6 <: : >6 : :?
$#	 6 6> 6 4< : =9 : <4
#	 5 >< 5 :< > <> : 9
 = 4 = > : >> : 9A

    1	 < 	    2   	
		J		J1 
	  		   	    ;	
	*-	1+*#''',
 	  	  $ 	 &	 #
+>9, 			J		

		
 
#		$	&	
#J6O

AL = AFm ⋅
RF
RL
       (6)
	O
# R			J	()
#, R			J	1#	
$, R	1$+>9,
$ R   	     $ 
+>9,
' #     	#  	
  #	 1#		 	 .  . 	 455<;4565 
1    
		#	#
 $ 	 &	 #      
	 	  #        	
	 			
       *-    
	 	 	 	  B   	  	
+*#'-, 
			
		1 
		1	65#4# 

  

				J		J	1(1)
()		+*#'-, 

D			J	#	(0)+*#'-, 
D #	
(0)
1#		
(0)
	
(0)
.
(0)
.
(0)
		
1L		


65 5A

= 4A

6 >

6 =>

6 4:

 	  	    J	  	 	 	 
				J			 C	
 	  	 	   	   
	 	   	  G	  	  	
		+*#'-, 
				
1	J			65			
 	  1  	    	  	 
	 			     	J		
 	   6 =  		  1  	  
(#4) 

3.4 Conclusions 
F  	 	  # >5M    
	
 	  #     1 (1	 :)   	
ED   45 ? 	 	 	  4? 6 	  
	   ED  	  	  	 ED
  6<    	 	       	 
		#	#	 '	
 #	  	;	     	#  0	
    	 	 #	 	   
 
	##			# 
* 	 	 	 	 	    
	 	       ' 1
   # #  	 	 	
	# #	
 	  #  	   	 2   
       	   
#	2##	 	
 
































  
4 Electricity and lighting in Sudan 
 
4.1 Electricity generation in Sudan 
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4.2 Renewable energy sources in Sudan 
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4.3  Lighting in Sudan 
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4.4 Case study in Soba Arradi area 
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About 1.4-1.5 billion people in the world are 
without access to electricity, most of them 
living in developing countries. The work 
presented in this Thesis discusses the 
beneﬁts and costs of replacing diesel 
generators with solar photovoltaic systems 
in electricity generation. Electricity enables 
the replacement of kerosene lamps, diesel 
lamps, ﬁrewood, and agricultural residues 
with more efﬁcient light sources like 
compact ﬂuorescent lamps and LEDs for 
lighting in developing countries. 
Measurements of solar photovoltaic 
systems combined with LEDs and 
ﬂuorescent lamps were conducted in an 
ofﬁce building in Finland. In addition, 
measurements were conducted in a one-
room house in Sudan using LEDs, compact 
ﬂuorescent and incandescent lamps for 
lighting. The results indicate that there is 
high potential for energy savings in using 
solar panels combined with LEDs and other 
efﬁcient light sources in developing 
countries. 
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